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Wnt signaling regulates synaptic plasticity and neu-
rogenesis in the adult nervous system, suggesting
a potential role in behavioral processes. Here, we
probed the requirement for Wnt signaling during
olfactory memory formation in Drosophila using an
inducible RNAi approach. Interfering with b-catenin
expression in adult mushroom body neurons specif-
ically impaired long-term memory (LTM) without
altering short-term memory. The impairment was
reversible, being rescued by expression of a wild-
type b-catenin transgene, and correlated with dis-
ruption of a cellular LTM trace. Inhibition of wingless,
a Wnt ligand, and arrow, a Wnt coreceptor, also
impaired LTM.Wingless expression in wild-type flies
was transiently elevated in the brain after LTM con-
ditioning. Thus, inhibiting three key components of
theWnt signaling pathway in adult mushroom bodies
impairs LTM, indicating that this pathway mechanis-
tically underlies this specific form of memory.INTRODUCTION
The Wnts are a family of secreted, lipid-modified proteins that
act as short-range ligands to activate receptor-mediated
signaling cascades. Wnt signaling is crucial for many aspects
of embryonic development in metazoan organisms, including
cell proliferation, establishment of tissue polarity, cell move-
ment, cell-fate decisions, and stem cell maintenance (Logan
and Nusse, 2004; Moon et al., 2004). Wnt-receptor interactions
can elicit several intracellular signaling responses. The b-cate-
nin protein plays a pivotal role in the best characterized
of these pathways, the canonical pathway. In the absence
of Wnt, b-catenin is phosphorylated by glycogen synthase
kinase-3b (Gsk-3b) and rapidly degraded by the proteasome
pathway. Upon activation of Wnt signaling, b-catenin is stabi-
lized through the inhibition of Gsk-3b and translocates to the
nucleus, where it binds the T cell factor/lymphoid enhancer
factor (Tcf/Lef) family of transcription factors to regulate the
expression of Wnt target genes (Figure 1). In addition to this1082 Cell Reports 4, 1082–1089, September 26, 2013 ª2013 The Aurole in transcriptional regulation, b-catenin is also a component
of the cadherin complex and plays an important role in regu-
lating cell-cell adhesion (Nelson and Nusse, 2004). Alterna-
tively, Wnt signaling can be executed through noncanonical
pathways that result in c-Jun N-terminal kinase (Jnk) activation
(the Wnt/PCP pathway) or protein kinase C (Pkc) and calcium/
calmodulin-dependent protein kinase II (CaMKII) activation
through increased intracellular Ca2+ concentration (the Wnt/
Ca2+ pathway), respectively (Ciani and Salinas, 2005; Inestrosa
and Arenas, 2010).
Many components of the Wnt signaling pathway are ex-
pressed in the adult brain (Shimogori et al., 2004; Tissir and Gof-
finet, 2006; Cerpa et al., 2008; Maguschak and Ressler, 2008)
and participate in synaptic function. The Wnts are involved in
activity-dependent dendritic growth and arborization through
a transcription-independent, adhesion-mediated branch of the
canonical pathway (Yu and Malenka, 2003), and through activa-
tion of Rac and Jnk of the noncanonical pathway (Rosso et al.,
2005) in cultured hippocampal neurons. In Drosophila, Wnt
signaling mediates activity-dependent structural remodeling of
the neuromuscular junction (Ataman et al., 2008). Wingless
(Wg), a Wnt1 homolog in flies, is released from synaptic boutons
in an activity-dependent manner to regulate plasticity bidirec-
tionally, stimulating a divergent canonical pathway in presynap-
tic processes leading to cytoskeletal reorganization, and the
Frizzled (Fz) nuclear import pathway in postsynaptic processes
for assembly of the postsynaptic apparatus (Mathew et al.,
2005; Ataman et al., 2008). In cultured hippocampal neurons
and slices, the expression and secretion of Wnt is induced by
neuronal activity through the activation of CaM-Kinase I and
enhanced Creb-dependent transcription (Wayman et al., 2006).
Neuronal activity also promotes the mobilization of the Wnt
receptor Fz5 to the cell surface and its recruitment to synapses
during synaptogenesis in the mouse hippocampus (Sahores
et al., 2010). In addition, activity-dependent release of Wnt
from synapses has been shown to induce long-term potentiation
(LTP) in adult mouse hippocampal slices, whereas inhibition of
Wnt signaling impairs LTP (Chen et al., 2006). Moreover, Wnt
signaling mediates the global regulation of synapse number
in response to experience and age in the adult hippocampus
(Gogolla et al., 2009; Stranahan et al., 2010). These findings
illustrate the important role of Wnt signaling in the structural
and functional plasticity of synapses.thors
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Figure 1. Schematic of the Canonical Wnt
Signaling Pathway
(A) In the absence of Wnt protein, newly synthe-
sized b-catenin (Arm in Drosophila) is sequestered
by a ‘‘destruction complex’’ comprised of Adeno-
matous polyposis coli (Apc), Axin, Gsk-3b, and
CkI. The phosphorylation of b-catenin protein by
Gsk-3b and CkI targets it for degradation by the
proteasome. This keeps b-catenin at a low level in
the cytoplasm. The transcription of Wnt target
genes is inhibited through the action of the Tcf/Lef
complex.
(B) In the presence of Wnt (Wg is the homolog for
Wnt-1 in Drosophila) protein, Wnt binds to the
seven-transmembrane-domain protein Fz and its
coreceptor, Lrp (Arr in Drosophila). This triggers
the activation of Dishevelled (Dvl) and phos-
phorylation of the cytoplasmic tail of Lrp. The
interaction among activated Dvl, the destruction
complex, and the docking of Axin to phosphorylated Lrp promotes the disassembly of the destruction complex, allowing b-catenin to accumulate in the
cytoplasm. b-catenin then translocates into the nucleus, where it activates the transcription of Wnt target genes by binding to the Tcf/Lef complex. b-catenin
also binds to the cytoplasmic domain of N-cadherin to regulate the cadherin complex, controlling cell-cell adhesion.The persistent expression of Wnts in the adult brain, along
with their roles in synaptic function, suggests that Wnt signaling
may be essential for normal learning and memory. In this work,
we probed the role of Wnt signaling components in olfactory
memory formation in Drosophila. We employed a conditional
RNAi approach to inactivate the expression of Wnt signaling
components specifically in the mushroom bodies (MBs) of adult
flies and found that long-term memory (LTM) of odors along with
a cellular LTM trace, but not short-term memory (STM), was
disrupted in flies with reduced expression of b-catenin (armadillo
[arm] in Drosophila); arrow (arr), a Wnt coreceptor; and Wg, a
Wnt ligand.
RESULTS
Arm Is Required for LTM
We first examined the expression pattern of Arm in fly brain
through whole-mount immunohistochemistry and reporter-
gene expression under the control of arm-GAL4. We found that
arm is broadly expressed in the adult brain, including in the
antennal lobes, MBs, and central complex (Figure S1), which
are known to be important for olfactory memory formation
(Davis, 2004, 2011).
We next tested whether arm is required for olfactory LTM. We
took advantage of a spatially restricted and temporally inducible
Gene-Switch transgene to specifically silence arm expression
with RNAi in the adult MBs. This strategy allows for normal arm
expression during development and in adult tissues other than
the MBs. The uas-RNAi transgene of the Gene-Switch system
was expressed only after the flies were fed RU486, and spatial
restriction was accomplished by driving the inducible gal4 using
an MB enhancer (Mao et al., 2004). We also included uas-dicer2
(dcr-2) in the experimental genotype to enhance the efficiency of
the RNAi component (Dietzl et al., 2007). There were no adverse
effects of expressing dcr-2 alone in adult MBs on memory
formation (Figure S2). When fed on RU486-containing food for
5 days, the uas-armRNAi/+; P{MB-GeneSwitch}12-1, uas-dcr2/+Cell Reflies exhibited impaired LTM tested at 24 hr after 5X spaced
training, whereas the 24 hr memory after 5X massed training or
3 min memory after 1X training was not significantly different
from that determined in unfed flies of the same genotype (Fig-
ure 2A). The LTM deficits cannot be attributed to defects in
sensorimotor processes, given the normal performance after
5X massed and 1X training (Figure 2A), and in tests of shock
or odor avoidance (Figure S3). Since 5X spaced training
produces protein-synthesis-dependent LTM, which is both
mechanistically and temporally distinct from the memory
forms instilled by 5X massed and 1X conditioning (Tully et al.,
1994), we conclude that silencing arm expression in the
adult MBs produces a specific deficit in protein-synthesis-
dependent LTM.
The specific effect of this disruption on LTM but not STM
suggests that Wnt signaling participates in an active way in
LTM formation rather than having some nonspecific effect on
behavior. To further address this issue, we tested whether the
LTM impairment was reversible. A nonspecific effect of arm
knockdown in adult MBs might be expected to produce non-
reversible changes in the MB neurons due to cell death or
the loss or rearrangement of fibers or synapses. A specific
mechanistic role for arm in LTM in which the pathway is normally
activated or modulated by conditioning would likely produce
reversible effects. The uas-armRNAi/+; P{MB-GeneSwitch}12-1,
uas-dcr2/+ flies were first fed on RU486-containing food for
5 days to induce transgene expression, and then transferred to
regular food without RU486 for another 4 days to restore arm
expression in the MBs. Flies that were withdrawn from the
RU-containing food regained a 24 hr LTM performance that
was indistinguishable from that of the no-RU group (Figure 2B).
These data indicate that the behavioral impairment produced
by arm silencing was reversible, and lead to the conclusion
that Arm participates in the ongoing physiology of MB neurons
for normal olfactory LTM.
To further confirm that the observedLTM impairment observed
in uas-armRNAi/+; P{MB-GeneSwitch}12-1, uas-dcr2/+ flies fedports 4, 1082–1089, September 26, 2013 ª2013 The Authors 1083
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Figure 2. Impaired Olfactory LTM with arm
Knockdown in Adult MBs
(A) Performance of flies expressing armRNAi in adult
MBs. Flies carrying one copy each of P{MB-
GeneSwitch}12-1, uas-dcr2, and uas-armRNAi
were fed with RU486 to silence arm expression in
the adult MBs. These flies exhibited impairment in
24 hr memory after 5X spaced forward condition-
ing compared with the no-RU control (n = 12,
*p < 0.05). Performance at 24 hr after 5X massed
conditioning or at 3 min after 1X conditioning was
indistinguishable between RU-fed and no-RU
flies (n = 6 for each group). N.S., no significant
difference.
(B) Performance of uas-armRNAi/+; P{MB-
GeneSwitch}12-1, uas-dcr2/+ flies kept on regular
food for 9 days (no-RU group), on RU486-con-
taining food for 5 days and then on regular food
for 4 days (RU to no-RU group), or on RU486-
containing food for 9 days (RU group). The RU to
no-RU group performed significantly better than
the RU group, whereas there was no significant
difference between the no-RU group and the RU
to no-RU group (n = 8 for all groups, *p < 0.05).
(C) Performance of flies expressing armRNAi in
adult MBs compared with those coexpressing
armRNAi with a uas-arm transgene. These flies
also carried one copy of P{MB-GeneSwitch}12-1
and one copy of uas-dcr2. Flies expressing only
armRNAi exhibited a significant decrement in
performance compared with flies of the same
genotype that remained uninduced (n = 12 for each group, *p < 0.05). In addition, the performance levels of flies expressing both armRNAi and uas-arm in
adult MBs were indistinguishable from those observed in flies in which transgene expression remained uninduced.
(D) Effects of overexpression of uas-arm on LTM. The performance of flies with induced expression of uas-arm in adult MBs is shown. The P{MB-GeneSwitch}12-
1/uas-arm flies were fed with RU486 for 5 days to induce the expression of arm in adult MBs. The 24 hr performance index after 5X spaced conditioning of the
RU-fed flies was indistinguishable from that of the no-RU control (n = 6 for all groups). Error bars are the SEM.
See also Figures S1–S4.with RU486 was due to the specific reduction in arm expression,
we tested whether coexpression of a uas-arm transgene could
offset the effect of uas-armRNAi. Indeed, the coexpression of
uas-arm with uas-armRNAi rescued the LTM score to normal
levels (Figure 2C). The expression of uas-arm in adult MBs
alone had no effect on LTM (Figure 2D). Thus, the LTM defects
in uas-armRNAi/+; P{MB-GeneSwitch}12-1, uas-dcr2/+ flies
after induction were caused by the silencing of arm expression.
These data (Figure 2D) further indicate that the normal abun-
dance of Arm in the MBs is not rate limiting for LTM expression.
We assayed the silencing efficiency of armRNAi by quantitative
RT-PCR (qRT-PCR) using head total RNA from flies expressing
the transgene under the control of c155-gal4, a pan-neuronal
driver. The relative level of arm messenger RNA (mRNA) was
reduced to 30%–40% of that found in either of the parental
control lines (Figure S4A). This is likely an underestimate of the
potency of armRNAi, since the transgene was expressed only
in brain neurons and the head is a complex tissue containing
muscle, fat body, and other types of cells.
Arm Is Required for the Formation of an LTM
Trace in MBs
In previous studies, we identified an LTM trace that forms in
the a branch of the a/bMB neurons after spaced forward condi-1084 Cell Reports 4, 1082–1089, September 26, 2013 ª2013 The Autioning (Yu et al., 2006). This branch-specific memory trace is
detectable between 9 and 24 hr after conditioning, is registered
as an increased calcium influx in response to presentation of
the conditioned odor, and is dependent on normal protein syn-
thesis and the function of amnesiac, Creb, and 26 other genes
involved in LTM (Yu et al., 2006; Akalal et al., 2011). The perfect
correspondence between the conditions required for the for-
mation of this memory trace and long-term behavioral memory
indicates that the memory trace is intimately tied to LTM and
may help guide behavior after spaced conditioning. Given the
role of Arm in LTM, we asked whether it is also required for the
expression of the LTM trace.
We first constructedMB-GCaMP, a transgene that expresses
the GCaMP1.6 calcium reporter from a minimal heat-shock
promoter under the control of the 247 bp MB enhancer from
the Dmef2 gene (Mao et al., 2004). This allows for the expression
of GCaMP in the MBs independently of the gal4:uas system. We
then coexpressed the MB-GCaMP transgene with uas-armRNAi
and uas-dcr2/+, with the latter transgenes being driven by P
{MB-GeneSwitch}12-1. This ‘‘within-genotype’’ experimental
design allowed us to monitor neural activity in the MBs by G-
CaMP fluorescence in a single genotype under two conditions:
with and without RU486 feeding. Flies with induced expression
of armRNAi in adult MBs exhibited a significant decrement inthors
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Figure 3. Expression of armRNAi Blocks the
Formation of an LTM Trace
The flies used to obtain data for this figure were
uas-armRNAi/+; P{MB-GeneSwitch}12-1,uas-dcr2/
MB-GCamP and were trained using 5X spaced
forward conditioning.
(A) Performance of flies with and without RU486
feeding at 24 hr after conditioning using benzal-
dehyde (Ben) as the CS+ and 3-octanol (Oct) as
the CS. The RU-fed group showed a significantly
reduced performance index compared with the
unfed group of the same genotype (n = 8, *p <
0.05).
(B–D) A small fraction of the behaviorally trained
flies were removed prior to testing and used for
functional imaging.
(B) Average peak calcium responses in the a
branch of the a/b MB neurons to the CS+ (Ben)
and CS (Oct) at 24 hr after conditioning
with benzaldehyde as the CS+. There was a sig-
nificant difference in response to the CS+ between
the RU-fed and no-RU groups (*p < 0.05). There
was no significant difference in response to
the CS between the RU-fed and no-RU groups
(n = 9 and 10 for no-RU and RU-fed groups,
respectively).
(C) Group time course for calcium responses in
the a branch of the a/b MB neurons during pre-
sentation of the CS+ (Ben) at 24 hr after condi-
tioning with Ben as the CS+ (n = 9 and 10 for no-RU
and RU-fed groups, respectively). The graph was
made using the data from the same flies used for
the bar graph in (B).
(D) Group time course for calcium responses in
the a branch of the a/b MB neurons across time
during presentation of the CS (Oct) at 24 hr after
conditioning with Ben as the CS+ (n = 9 and 10 for
no-RU and RU-fed groups, respectively). The
graph was made using the data from the same
flies used for the bar graph in (B).
(E) Performance of flies with and without RU486
feeding at 24 hr after conditioning using Oct as
the CS+ and Ben as the CS. The RU-fed group
showed a significantly reduced performance
index compared with the no-RU group of the same
genotype (n = 8, *p < 0.05).
(F–H) A small fraction of the behaviorally trained
flies were removed prior to testing and used for
functional imaging.
(F) Average peak calcium responses in the a
branch of the a/bMB neurons to the CS+ (Oct) and
CS (Ben) at 24 hr after conditioning with octanol as the CS+. There was a significant difference in response to the CS+ between the RU-fed and no-RU groups
(*p < 0.05). There was no significant difference in response to the CS between the RU-fed and no-RU groups (n = 9 and 8 for no-RU and RU-fed groups,
respectively).
(G) Group time course for calcium responses in the a branch of the a/b MB neurons across time during the presentation of the CS+ (Oct) at 24 hr after condi-
tioning with octanol as the CS+ (n = 9 and 8 for no-RU and RU-fed groups, respectively). The graph was made using the data from the same flies used for the
bar graph in (F).
(H) Group time course for calcium responses in the a branch of the a/bMBneurons across time during the presentation of the CS (Ben) at 24 hr after conditioning
with octanol as the CS+ (n = 9 and 8 for no-RU and RU-fed groups, respectively). The graph wasmade using the data from the same flies used for the bar graph in
(F). Error bars are the SEM.24 hr LTM after 5X spaced training using benzaldehyde as the
conditioned stimulus paired (CS+) compared with flies of the
same genotype that were uninduced (Figure 3A). A small fraction
of the behaviorally trained flies were removed prior to testing andCell Reutilized for functional imaging of the LTM trace in the a branch of
the MB. Consistent with the pronounced deficit in behavioral
LTM, there was a pronounced deficit in CS+-evoked calcium
response in the a branch of the MB neurons of these flies asports 4, 1082–1089, September 26, 2013 ª2013 The Authors 1085
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Figure 4. Impaired Olfactory LTM with arr or wg Knockdown in
Adult MBs
(A) Performance of flies expressing arrRNAi6707 in adult MBs. P{MB-
GeneSwitch}12-1, uas-dcr2/uas-arrRNAi6707 flies were fed RU-containing food
or no-RU food. The RU-fed group exhibited a significant lower performance
score at 24 hr after 5X spaced conditioning (n = 12, *p < 0.05). There was no
significant difference (N.S.) in performance scores at 24 hr after 5X massed
conditioning or at 3 min after 1X conditioning between the RU-fed and no-RU
groups (n = 6 for each group).
(B) Performance of flies expressing arrRNAi6708 in adult MBs. The RU-fed group
exhibited a significantly lower performance score at 24 hr after 5X spaced
conditioning (n = 12, *p < 0.05). There was no significant difference in perfor-
mance scores at 24 hr after 5X massed conditioning or at 3 min after 1X
conditioning between the RU-fed and no-RU groups (n = 6).
(C) Performance of flies expressing wgRNAi in the adult MBs. The RU-fed
P{MB-GeneSwitch}12-1, uas-dcr2/uas-wgRNAi flies showed a significantly
1086 Cell Reports 4, 1082–1089, September 26, 2013 ª2013 The Auwell (Figures 3B and 3C). In contrast, the calcium response to oc-
tanol (conditioned stimulus unpaired [CS]) in the induced flies
was indistinguishable from that in the uninduced control (Figures
3B and 3D). Similar results were obtained using octanol as the
CS+ (Figures 3E–3H). We conclude that the expression of arm
in adult MBs is required for the formation of the LTM trace as
well as for long-term behavioral memory. Thus,Wnt signaling un-
derlies long-term behavioral memory aswell as the cellular mem-
ory trace that is critical for behavioral memory.
Other Key Components of Wnt Signaling Are Also
Required for LTM
The discovery that Arm is required for LTM expression prompted
us to ask whether other components of the Wnt signaling
pathway function in LTM expression. In essence, does the com-
plete Wnt signaling pathway participate in LTM formation, or
does Arm function through a mechanism that is independent of
Wnt signaling? The first step in the Wnt signaling pathway is
the interaction among Wnt proteins, the receptor protein Fz,
and its coreceptor, low-density lipoprotein lipoprotein-recep-
tor-related protein 5/6 (Lrp5/6) (Figure 1). Flies possess four Fz
homologs, which may have redundant functions in Wnt pathway
activation (Bhat, 1998; Bhanot et al., 1999; Chen and Struhl,
1999), so we focused on testing a role for arr, the only known
Drosophila gene that encodes a homolog of the Wnt coreceptor
Lrp5/6.
We utilized the same ‘‘within-genotype’’ experimental strategy
for conditional RNAi knockdown specifically to the MBs of adult
flies. Induced expression of arrRNAi6707 in the adult MBs impaired
24 hr LTM produced by spaced conditioning, whereas 24 hr
memory after 5X massed training or 3 min memory after 1X
training was unaffected (Figure 4A). Similar LTM defects were
observed with arrRNAi6708, a second independent transgenic
line that carries the same arr RNAi construct (Figure 4B). Expres-
sion of these RNAi constructs had no effect on the flies’ perfor-
mance in odor- and shock-avoidance tests (Figures S3B and
S3C). The knockdown efficiency on arr mRNA was equivalent
for the two arr RNAi lines as tested by qRT-PCR (Figure S4B).
These results lead to the conclusion that reducing expression
of the Wnt coreceptor Arr, specifically in adult MBs, impairs
LTM expression without altering other temporally or mechanisti-
cally distinct forms of olfactory memory.
We next asked whether Wnt pathway ligands are involved in
LTM. Because Wg, a Wnt1 homolog, has been shown to play
an important role in regulating neuronal plasticity at the neuro-
muscular junction in flies (Mathew et al., 2005), we decided to
investigate the effect of wg inactivation on LTM. Inducible
RNAi-mediated knockdown of wg in the adult MBs led to
impaired 24 hr LTM after spaced conditioning, but had no
effect on 24 hr memory after massed training or 3 min memory
after 1X conditioning (Figure 4C). The results from shock- and
odor-avoidance tests in the induced flies were indistinguishablelower performance score at 24 hr after 5X spaced conditioning compared
with the no-RU control (n = 12, *p < 0.05). There was no significant difference
(N.S.) in performance scores at 24 hr after 5X massed conditioning or at 3 min
after 1X conditioning between the RU-fed and no-RU groups (n = 6). Error bars
are the SEM. See also Figures S3 and S4.
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Figure 5. Increased Expression of wg mRNA after Spaced Forward
Conditioning
w(CS10) flies were trained using 5X spaced forward, 5X spaced backward,
5X massed forward, and 1X forward conditioning protocols. Total RNA
samples were isolated from the heads of these flies at various time points
Cell Refrom those obtained in the uninduced control (Figure S3D). The
efficiency of the wgRNAi transgene in silencing wg expression
was assayed by qRT-PCR and found to be effective (Figure S4C).
We conclude that the conditional knockdown of the Wnt
pathway ligand wg in adult MBs produces a specific deficit in
protein-synthesis-dependent LTM.
Expression of wg Is Transiently Increased after Spaced
Conditioning
Because LTM formation requires de novo protein synthesis that
depends partly on transcriptional regulation, we asked whether
wg mRNA expression might be regulated after spaced condi-
tioning in wild-type flies. We trained w(CS10) flies with a 5X
spaced conditioning protocol, isolated total RNA from whole
heads at various time points after training, and measured the
levels of wg mRNA in these samples by qRT-PCR. The wg
mRNA was significantly increased by about 20% at 30 and
45 min after training compared with the untrained control (Fig-
ure 5A). Although this increase in expression seems small, it
would probably be larger in a subset of tissues that mediate
olfactory learning. Olfactory learning is mediated by the olfac-
tory nervous system, and this system comprises a small fraction
of the tissue that constitutes the whole head (Davis, 2004,
2011). We replicated this increase at 30 min after conditioning
in a separate experiment and followed its subsequent return
to baseline by 60 min using extended time points in the assay
(Figure 5B). No increase of wg expression was observed in fly
heads after 1X forward, 5X massed forward, or 5X spaced back-
ward training (Figure 5C). Given that spaced forward condi-
tioning alone induces protein-synthesis-dependent LTM, we
conclude that the transient increase in wg expression is likely
to be specifically related to and important for this form of
memory.
DISCUSSION
Here, we provide multiple lines of evidence indicating that the
Wnt signaling pathway is functionally involved in and requiredafter conditioning and assayed by qRT-PCR relative to an untrained control
group.
(A) Relative wg mRNA level in the heads of trained flies at 15, 30, and 45 min
after 5X spaced forward conditioning. The expression of wg mRNA was
significantly higher in heads at both 30 and 45 min compared with the
untrained control (*p < 0.05). There was no significant difference in wg mRNA
expression between the control and trained flies collected at 15 min after
conditioning (n = 5 for all groups).
(B) In a separate experiment, the relativewgmRNA level in the heads of trained
flies at 30, 60, and 90 min after 5X spaced forward conditioning was deter-
mined. There was a significant increase in wg expression at 30 min after 5X
spaced conditioning compared with the untrained control group (*p < 0.05),
replicating the results from (A). There were no significant differences in wg
expression between the control and trained flies collected at 60 or 90 min after
conditioning (n = 5 for all groups).
(C) Relative wg mRNA level in the heads of trained flies at 45 min after 5X
spaced backward, 5X massed forward, and 1X forward conditioning. No
significant differences inwgmRNA level were observed in the heads of trained
flies at 45 min after conditioning compared with the untrained control group
(n = 5; N.S., no significant difference). Error bars are the SEM.
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for the expression of LTM. Conditional RNAi strategies that
offered both time and space control for reducing the mRNA
levels of three different molecules involved in Wnt signaling
(b-catenin, Wg, and Arr) showed that each of these molecules
participates specifically in the processes underlying LTM in
adult MB neurons. We also utilized similar strategies to knock
down N-cadherin, a cell-adhesion molecule that is regulated
by b-catenin, and found the same LTM deficits as observed
with other molecules involved in Wnt signaling (data not shown).
Our behavioral data align nicely with the fear-conditioning results
of Maguschak and Ressler (2008), who showed that an amyg-
dala-specific deletion of b-catenin in adult mice prevented
consolidation. In addition, we demonstrated that an LTM trace
that forms in the MBs only after spaced conditioning is elimi-
nated when b-catenin levels are reduced, consistent with a
role for Wnt signaling in long-term behavioral memory and the
physiological processes underlying LTM trace formation.
Furthermore, the expression level of wg mRNA is transiently
elevated after spaced conditioning. These molecular results
are consistent with those of Chen et al. (2006), Wayman et al.
(2006), and Tabatadze et al. (2012), who showed that the expres-
sion of the ligandsWnt-3a,Wnt-2,Wnt-7, andWnt-5a is elevated
with increased neuronal activity or spatial memory.
This study was prompted by our previous discovery that a
casein kinase Ig homolog (CkIg), gilgamesh (gish), is required
for STM in Drosophila (Tan et al., 2010). We followed the lead
that CkIg-mediated phosphorylation of the cytoplasmic tail of
Lrp5/6 (Arr) is crucial for Wnt/b-catenin signaling (Davidson
et al., 2005), and predicted that disruption of the Wnt signaling
pathway would perturb STM. Surprisingly, however, we found
that knockdown of the four Wnt signaling components leaves
STM intact. The likely explanation for this discrepancy is that
Gish serves other important functions in STM formation
besides its role in LTM through phosphorylation of the Arr
receptor.
How does Wnt signaling in the MB neurons mediate the
formation of LTM? Since the normal expression of b-catenin,
Wg, and Arr is required in the set of MB neurons defined by
P{MB-GeneSwitch}12-1, and Wg is a short-range ligand, we
favor a model in which the Wnt ligand, Wg, participates in an
autocrine fashion in the MB neurons. Spaced conditioning,
which produces long-term behavioral memory, but not massed
or single-cycle conditioning, leads to a transient increase in wg
expression in the MB neurons, perhaps as a step downstream
of Creb. The subsequent secretion of Wg by the MB neurons
activates the Fz/Arr receptor (Figure 1B), leading to the accu-
mulation of b-catenin in the MB neurons. b-catenin, in turn,
orchestrates transcriptional changes in the MB neurons that
are required for LTM, as well as the breaking and remaking
of cell contacts through N-cadherin function, which is neces-
sary for the reorganization of synapses for LTM storage.
Recently, ribonucleoprotein particles containing synaptic pro-
tein transcripts were shown to exit the nucleus through a
nuclear envelope budding process in response to Wnt signaling
at the Drosophila neuromuscular junction (Speese et al., 2012).
Wnt-dependent nuclear budding could provide the initial step
for transporting RNAs to synapses for local protein synthesis
and LTM formation.1088 Cell Reports 4, 1082–1089, September 26, 2013 ª2013 The AuEXPERIMENTAL PROCEDURES
Animal Husbandry
Fly stocks were obtained from Drosophila stock centers and outcrossed to
w(CS10) for six generations to normalize the genetic background (Extended
Experimental Procedures). Flies were cultured on standard medium at 25C,
60% relative humidity, and a 12 hr light/dark cycle. RU486 was administered
at a final concentration of 200 mM.
qRT-PCR
Total RNA was isolated from fly heads using the TRIZOL reagent (Invitrogen)
and reverse transcribed into complementary DNA (cDNA) using the Super-
Script III first-strand synthesis system (Invitrogen). For each cDNA sample,
qPCR was performed in triplicate using the TaqMan gene-expression master
mix (Applied Biosystems). The relative level ofwg in each sample was normal-
ized to the level of a eukaryotic 18S rRNA control developed by Applied
Biosystems.
Behavior
Drosophila olfactory classical conditioning and testing were performed
under dim red light at 25C and 60% relative humidity as previously described
(Akalal et al., 2011; Tan et al., 2010). Flies were trained to a CS+ and CS odor,
with the CS+ paired with electric shock pulses (Extended Experimental
Procedures). A 1X conditioning protocol was used to generate STM and a
5X conditioning protocol was used to generate protein-synthesis-dependent
LTM (spaced) or protein-synthesis-independent LTM (massed) (Tully et al.,
1994).
Functional Imaging
Functional imaging experiments were performed as described previously
(Yu et al., 2006). At selected times after conditioning, one or two flies were
aspirated from the vial and mounted in a pipette tip. A small area of dorsal
head cuticle was removed and the opening was covered with a small piece
of plastic wrap. The flies were then mounted beneath a 203 objective lens
in a confocal microscope and imaged using a 488 nm excitation laser line.
Odorants were diluted in mineral oil and delivered from a micropipette in an
air stream at a rate of 100 ml/min. The calcium response to the CS+ odor
was assayed first by imaging at five frames/s with a 3 s odor exposure. After
a 5 min interval, the calcium response to the CS odor was assayed in an
identical way. The response was quantified from the pixels representing the
dorsal tip of the a lobe in each image. The Fo value was calculated for each
pixel within the region of interest as the fluorescence prior to odor application
averaged over five successive frames. The DF was calculated for each pixel
as the difference between the highest average intensity during the 3 s odor
application across five successive frames and Fo.
Statistics
Data were analyzed with XLSTAT. All data presented represent the mean ±
SEM. One-way ANOVA was followed by a Bonferroni-Dunn test to determine
statistical significance.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Extended Experimental Procedures and
four figures and can be found with this article online at http://dx.doi.org/
10.1016/j.celrep.2013.08.007.
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